Stedocys spitting spiders (Araneae: Scytodidae) inhabit subterranean environments and have poor dispersal abilities. The Cenozoic Indian-Eurasian collision affected the regional biota of this genus, which occurs in parts of Indochina. Phylogeographical pattern of Stedocys based on multigene DNA sequence datasets reveals how tectonic history drove four biological splits. The first split dates to the late Paleocene-Eocene and involves the Truong Son Mountain Range and Mekong River. The other splits associate with the Eocene-Oligocene transition, including the Tonkin (Beibu) Gulf, the Ma River, and the Red River. These events indicate four early uplifts of the Himalayas and Tibetan Plateau. Our results cannot reject the hypothesis that uplifting of the Himalayas and Tibetan Plateau region due to crustal thickening and the lateral extrusion of Indochina occurred synchronously during the Paleocene-Oligocene transition in reaction to the Indian-Eurasian collision. Species of Stedocys cluster into groups I and II. Their evolution involves one dispersal and four vicariance events, which formed the following five Indochinese clades: Hainan clade (I-1); western Yunnan and central Laos clade (I-2); central Vietnam clade (I-3); northern Vietnam and southwestern China clade (I-4); and Thailand clade (II-1). The lateral extrusion of Indochina is the driver of these events. The drifting of Hainan Island to its present location owes to its southeastern movement from continental Vietnam and Guangxi, China around the Eocene-Oligocene boundary. This biogeographical pattern highlights the significant role geography plays in shaping evolutionary history in southeastern Asia. It also illuminates how the timing of geological events drives the distributions of species.
Introduction
The collision of India with Eurasia constitutes the most important tectonic event for Asia. It resulted in the uplifting of the Himalayas and the Tibetan Plateau (Yin and Harrison 2000, Jain 2014) , and the lateral extrusion of Indochina (Yang and Liu 2009, Che et al. 2010 ). The initial collision may have began in the early Cenozoic (50-55 million yr ago [Ma] , Yin and Harrison 2000) , or during the Paleocene or early Eocene at 66-56 Ma (Beck et al. 1995) , or even earlier during the Late Cretaceous at approximately 70 Ma (Yin and Harrison 2000) . The Indian-Eurasian collision probably finalised at either around 35 Ma (Aitchison et al. 2007, Ali and Aitchison 2008) or between 25 and 20 Ma (van Hinsbergen et al. 2012) . This long-lasting geological process triggered geological events in the PanHimalaya, including the early uplifting of the Himalayas and Tibetan Plateau during the middle Eocene (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) , in the Oligocene (∼ 30-40 Ma, Harrison et al. 1992 , Raymo and Ruddiman 1992 , Chung et al. 1998 , Tapponnier et al. 2001 , Replumaz and Tapponnier 2003 , Aikman et al. 2008 , and at the Oligocene-Miocene boundary (∼ 22-25 Ma, Tapponnier et al. 1990 , Leloup et al. 2001 , Guo et al. 2002 , Cao et al. 2011 , Liu et al. 2012 . Little evidence indicates that the early uplifting of Himalayas and Tibetan Plateau and further extrusion of Indochina drove intrageneric diversification of species that live in restricted environments, such as caves. Our analyses discover that diversification of Stedocys spitting spiders (Araneae: Scytodidae) corresponds with the history of geological events. The tectonic features of southeastern Asia, including the Hengduan and Truong Son mountain ranges, the Mekong, Red, and Ma rivers, and the formation of Hainan Island, owe to the continuous uplifting of the Himalayas and Tibetan Plateau. In this case, biology informs geology and vice versa. Notwithstanding, further studies are necessary to determine if the tectonic history of southeastern Asia and the associated orogenic and environmental effects on the region resulted in a general pattern of speciation.
The Himalayan orogeny and its associated environmental effects (e.g. geomorphology, climate change) probably acted as major driving forces of the genetic structure, speciation, and evolution of animals (Miao et al. 2012 , Guillot and Replumaz 2013 , Licht et al. 2014 , Favre et al. 2015 . The geological dynamics both reduced physical barriers to range expansion and formed new barriers that promoted variance. Thus, we hypothesize that the evolutionary history of cave spiders in southeastern Asia and adjacent areas parallels geological development, and serves to identify unrecorded Earth-history events.
Terrestrial cave invertebrates are often reported to be highly isolated geographically because their limited dispersal abilities owe to their restricted habitats (Hedin 1997 , Hedin and Thomas 2010 , Snowman et al. 2010 , Zhang and Li 2013 . Their spatial isolation, simple community structures, and habitat specialization make them ideal model systems for inferring geological and environmental histories. Troglodytic Stedocys spitting spiders are endemic to southeastern Asia and have weak dispersal capabilities. Therefore, they are a particularly appropriate animal group to test the timing of the uplift of the Himalayas and Tibetan Plateau, the subsequent extrusion of Indochina, and the formation of the Mekong, Ma, and Red rivers and Hainan Island. However, the taxonomy of the genus is unsettled, and its evolutionary history remains to be explored.
The Indian-Eurasian collision gave rise to a particular topography and landforms in addition to terrestrial disconnections in southeastern Asia. Thus, biogeographical research is necessary to understand the biological implications of collisions, and of subsequent plate movements and geomorphology (Klaus et al. 2010) . In this study, we present a comprehensive molecular phylogeny for Stedocys based on two mitochondrial and four nuclear DNA loci. Six combinations of fossil calibration points obtain conservative timing estimates for the major early diversification events, which we base on ancestral area reconstructions. We test hypotheses of the spatiotemporal history of Himalayan orogeny and southeastern Asia, and the biological consequences of the tectonic events.
Material and methods

Sample collection and sequence analysis
We Seven pairs of primers were used to amplify the partial fragments of mitochondrial COI and 16S, and nuclear 18S, 28S, ITS2, and H3 from genomic DNA (Supplementary material Appendix 1 Table A6 ) with annealing temperatures optimized at 45-56°C. All PCR products were purified and directly sequenced via primer walking using BigDye technology on an ABI 3730 automated sequencer (Applied Biosystems, Foster City, CA, USA). Because of the limitations of the sequencing reaction, smaller 28S fragments were sequenced using the primers listed in Supplementary material Appendix 1 Table A6 . The DNA sequences were checked and edited with SEQUENCHER ver. 4.1.2 (Gene Codes Corporation, Ann Arbor, MI) and BioEdit (Hall 1999) . All sequence data were aligned using both CLUSTALW and MAFFT ver. 5 (Katoh et al. 2005) to assess the sensitivity of our data to different parameters (Papadopoulou et al. 2010) . Gaps resulting from the alignment were treated as missing data. For each gene, possible saturation of substitution types was checked by plotting the number of transitions and transversions versus F84 distance using DAMBE (Xia 2000) . The COI, 16S, 18S, 28S, ITS2, and H3 sequences were concatenated for phylogenetic analysis, haplotype network inference, divergence time estimation, and biogeographical reconstruction. Unique haplotypes were identified using MacClade ver. 4 (Maddison and Maddison 2000) .
Phylogenetic analysis and haplotype network inference
The phylogenetic relationships of 191 sampled individuals were inferred using the maximum likelihood and Bayesian inference approaches. Maximum likelihood analyses were conducted in RAxML (Stamatakis 2006 ) using the GTRGAMMA model for all genes. One hundred replicate maximum likelihood inferences were performed to determine the optimal likelihood tree, initiated with a random starting tree and employing the default rapid hill-climbing algorithm. Clade confidence was assessed with a rapid bootstrap of 1000 replicates. Bayesian inference analyses were performed using MrBayes ver. 3.1.2 (Ronquist and Huelsenbeck 2003) . The best-fitting substitution model for each codon base or gene partition was selected by jModelTest (Posada 2008) under the Akaike information criterion (Supplementary material Appendix 1 Table A7 ). MrBayes was set to estimate parameters independently for the combined dataset and the default priors were used. The chain was run for 20 million generations using parameters unlinked between partitions and sampled every 1000 generations with a burnin of 25%. Effective sample size values ( 200) for each parameter were checked in Tracer ver. 1.5 (Rambaut and Drummond 2009 ). The frequency of nodal resolution, termed the Bayesian posterior probability, was estimated on a 50% majority rule consensus tree of the post-burnin sampled trees. For haplotype network inference, the unrooted minimum spanning trees (MSTs) were implemented in PopART (< http://popart. otago.ac.nz >) using both 28S and COI sequences, and were partitioned by defined populations (area delimitations provided below in 'Area delimitation and biogeographical reconstruction').
Estimation of divergence times and fossil calibration
Estimated divergence times were inferred in BEAST ver. 1.8.1 (Drummond and Rambaut 2007 ) using a Bayesian relaxed molecular clock approach. We incorporated partitioned strategies (Brandley et al. 2005 ) and treated each gene as a separate part. After a preliminary series of test runs, we chose the following models to fit best to the data: the uncorrelated lognormal relaxed molecular clock model; a Yule tree prior; and GTR  I  G for the substitution model for each gene dataset. We performed a total of six BEAST runs. The Markov chain Monte Carlo (MCMC) was run for 300 million generations and sampled every 1000 generations. Convergence of MCMC chains was checked in Tracer ver. 1.5 and subsequently verified using the cumulative and compare functions in AWTY (Nylander et al. 2008b) .
No fossil Stedocys were available for calibration points. Thus, we dated the tree of major Araneidea and Haplogynae (Araneomorphae, Supplementary material Appendix 1 Table  A5 and Fig. 2A ), including all lineages of Stedocys. To prevent introduction of additional biases and/or sources of error, fossil constraints had to satisfy two conditions: a suitable fossil must have shared at least one synapomorphy with a lineage within a monophyletic crown group in our preferred tree; and when several fossil species belonged to the same lineage only the oldest one was used. Accordingly, we used the minimum ages for Scytodes, the type genus of Scytodidae (33.9-38 Ma, Wunderlich 1993 , Loxosceles, a related genus of Scytodidae (Sicarridae, 13.82-20.44 Ma, Wunderlich 1988 , 2004 , Dysderidae (35-40 Ma, Wunderlich 2004), and New World Leptopholcus (20-45 Ma, Huber and Wunderlich 2006) , as fossil calibration points for the molecular clock analyses. All the four calibration points were implemented as a minimum age of the stem of the lineage to which the fossil was assigned (Renner 2005, Donoghue and Benton 2007) . In addition, the fossil Eoplectreurys gertschi (Selden and Huang 2010) has been included in the extant family Plectreuridae. It represented the oldest Haplogynae clade (173 Ma) and was represented by some species in the Scytodidae, Sicariidae, Oonopidae, Dysderidae, Segestriidae, Plectreuridae, and Pholcidae. Fossil genus Juraraneus, described from the lower Middle Jurassic (Eskov 1984) , has been considered to be the oldest araneoid. However, because this genus cannot be assigned to any extant family, we treated it as a stem araneoid to set the minimum divergence date for the split of Araneidea from its sister group (represented by Heteropoda jugulans, Sparassidae) at 176 Ma.
Area delimitation and biogeographical reconstruction
We compiled distributional data for species of Stedocys from the literature (Giltay 1935 , Ono 1995 , Labarque et al. 2009 ) and information from our samples. We divided the range of Stedocys into five areas ( Fig. 1) : east of the Red River (ERR); the region between the Ma and Red rivers (RMR); the region between the Mekong and Ma rivers (RMM); Hainan Island (HAI); and west of the Mekong River (WMR). Each species was assigned to an area based on its contemporary distribution.
Biogeographical events (vicariance vs dispersal) and the common ancestral area of Stedocys were inferred using three alternative methods: statistical dispersal-vicariance analysis (S-DIVA); Bayesian binary MCMC analysis (BBM); and dispersal-extinction-cladogenesis analysis (DEC). The S-DIVA analysis (Yu et al. 2010 ) used a maximum of three areas per node. The BBM analysis (Nylander et al. 2008a , Yu et al. 2010 , involved 5000 cycles using 10 chains with sampling every 100 cycles, allowing for a maximum of three areas, giving a 'custom' root distribution, and using the JC  G substitution model. The DEC analysis (Ree and Smith 2008) used a maximum of three areas (Yu et al. 2014 ) and an unconstrained model that allowed for equal rates of dispersal (1.0) between areas at any time. Haplotype datasets of mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) and trimmed fossil-calibration trees were used for biogeographic reconstructions. All models were implemented in RASP ver. 3.0 (Yu et al. 2010 (Yu et al. , 2014 . Fifty thousand trees obtained from BEAST analysis were input into RASP. One thousand random trees were used for biogeographical reconstruction. The MCC tree produced in BEAST analysis was used as the input tree.
Data deposition
Data available from the Dryad Digital Repository: < http:// dx.doi.org/10.5061/dryad.qq828 > (Luo and Li 2017).
Results
Sequence characteristics
A total of 1066 sequences were successfully generated from two mtDNA and four nDNA fragments for 191 specimens of Stedocys, 8 Scytodes, and 2 Dictis of the Scytodidae. We obtained 184, 180, 171, 191, 159 , and 129 sequences for COI, 16S, 28S, 18S, ITS2, and H3 genes from all samples of Stedocys, respectively. The aligned data of the sequences from Stedocys had lengths of 623 base pairs (bp) for COI, 416 bp for 16S, 777 bp for 28S rRNA, 663 bp for 18S rRNA, 342 bp for ITS2, and 290 bp for H3. In total, 100, 78, 50, 4, 44, and 31 haplotypes were found for the COI, 16S, 28S, 18S, ITS2, and H3 gene sequences, respectively. The concatenated mitochondrial and nuclear genes comprised 3111 bp with 124 haplotypes. Transitions and transversions within the two mtDNA and four nDNA partitions accumulated in a linear way and gave no indication of saturation. All sequences are deposited in GenBank (for accession numbers, see Supplementary material Appendix 1 Table A5 ).
Phylogeny and network
Both phylogenies and haplotype networks strongly demonstrated a deep split between Stedocys from Thailand and east of the Mekong River ( Fig. 1 and 2 , Supplementary material Appendix 1 Fig. A4 ). No haplotypes were shared between ERR, RMR, RMM, HAI, and WMR (Fig. 2 , Supplementary material Appendix 1 Table A5 ). The Bayesian inference phylogeny was largely consistent with the results of the maximum likelihood analysis. Both resolved a monophyletic Stedocys (Fig. 1A and 2A , Supplementary material Fig. 1 . The pie diagrams reflect states with the highest likelihood, which is proportional to the probability at the node. Ma is million years ago. (B) The mid-Aegean trench and our sampling sites of Scytodes thoracica in the area. (C and D) The evolution history of Stedocys shown in (A) supports the tectonic hypothesis that an uplift in the Himalayan-Tibetan plateau region resulting from crustal thickening and lateral extrusion of Indochina occurred synchronously during the transition between Paleocene and Oligocene in reaction to the Indian-Eurasian collision, and illuminates critical aspects of the timing of geological events responsible for the current geography of southeast Asia. Appendix 1 Fig. A4A ). Stedocys had major clades I and II and five well-supported subclades (I-1, Hainan Island; I-2, western Yunnan and central Laos from the area between the Mekong and Ma rivers; I-3, central Vietnam from the area between the Ma and Red rivers; I-4, northern Vietnam and southwestern China from the northern area of the Red River; and II-1, Thailand). Each clade was defined largely by geography. Clades I-3 and I-4 clustered I-2, and together with I-1. However, neither the 28S of COI haplotype network associated either I-1 or I-2 together (Fig. 1C, D) . For the 28S haplotype network, four of the five Hainan Island haplotypes clustered together, and they were connected to the haplotypes from Vietnam and Guangxi, China. However, one another haplotype from I-1 connected independently to the haplotype from Guangxi. The western Yunnan haplotype connected directly to the haplotype from Vietnam, but the central Laotian haplotype connected to the one from Guangxi (Fig. 1D) . For the COI haplotype network, neither the eight Hainan Island haplotypes nor the two western Yunnan and central Laotian haplotypes clustered together; all connected directly to the haplotypes from Guangxi (Fig. 1C) .
Divergence times
The estimated divergence times for Stedocys based on fossil calibration (Supplementary material Appendix 1 Table A8) were shown in Fig. 2A, and diverged from taxa in I-2, I-3, and I-4 of the eastern Mekong River of Indochina starting about 36 . The split between I-2 and I-3 plus I-4 began about 33 . Finally, the split between I-3 and I-4 started around 30 Ma (95% CI: 24-36 Ma). The Rhode populations of Scytodes thoracica (Scytodidae) and the Crete populations of this species split about 11 Ma (Fig. 2B) in Greece. This timing corresponded to the palaeogeographical opening of the Mid-Aegean trench (9-12 Ma) (Creutzburg 1963, Dermitzakis and Papanikolaou 1981) .
Biogeographic reconstructions
The results of the biogeographical inference ( Fig. 2A) indicated that the most recent common ancestor (MRCA) of extant Stedocys inhabited the southwestern area of the Mekong River (posterior probability values of 0.98, 0.92, and 0.97 from S-DIVA, BBM, and DEC, respectively), and probably had already spread into Indochina prior to the Indian-Eurasian tectonic collision. A subsequent vicariant event most likely occurred in the Mekong River at ∼ 55 Ma, resulting in the formations of group II in Thailand and group I in eastern Indochina Peninsula, Hainan Island, and southwest China. Within group I, the earliest splits most likely occurred in the Tonkin (Beibu) Gulf about 36 Ma, resulting in the Hainan Island lineage (I-1) and lineages (I-2, I-3, and I-4) from the eastern Indochina Peninsula, and southwest China (Fig. 1A  and 3A) . Subsequently, two vicariant events isolated clades I-2, I-3, and I-4 in turn by the Ma and Red rivers at about 30-33 Ma.
Discussion
Most Stedocys inhabit caves. Their poor dispersal capabilities potentially makes this genus a model for examining geological evolution and environmental changes in southeastern Asia and adjacent areas during the Tertiary.
Recent studies have confirmed that continuous uplifting of the Himalayas and Tibetan Plateau was caused by crustal thickening resulting from the Indian-Eurasian collision. Its timing spanned from the beginning of the Early Cretaceous or later Palaeogene to the present day (Harrison et al. 1992 , Beck et al. 1995 , Shi et al. 1998 , Yin and Harrison 2000 , Replumaz and Tapponnier 2003 , Aikman et al. 2008 , Jain 2014 . However, the ages of early uplifts of the system are still under debate. The well-supported monophyly of Stedocys, phylogeographical structure, and molecular dating suggest that four consecutive uplifts of the Himalayas and Tibetan Plateau are responsible for the speciation. The deep divergence between groups I and II at ∼ 55 (44-67) Ma (Fig. 2) relate to the first uplifting and the associated initial collision of Indian-Eurasia in the Cenozoic and latest Mesozoic (Late Cretaceous), about 40-70 Ma (Harrison et al. 1992 , Raymo and Ruddiman 1992 , Beck et al. 1995 , Chung et al. 1998 , Yin and Harrison 2000 , Replumaz and Tapponnier 2003 , Aikman et al. 2008 . Taxa on Hainan Island diverged from those of eastern Mekong River in Indochina around 36 (29-44) Ma (Fig. 2) synchronously with the second uplifting of the Himalayas and Tibetan Plateau at the onset of the Oligocene to the Eocene (∼ 30-40 Ma, Chung et al. 1998, Replumaz and Tapponnier 2003) . Subsequently, the deep splits of lineages along the eastern Mekong River and the Ma and Red rivers date to around 33 (26-40) and 30 (24-36) Ma, respectively (Fig. 2) . These correspond with two ongoing rapid uplifts of the Himalayas and Tibetan Plateau. The later three separations of the genus are consistent with previous studies of many biological diversifications that were linked to early uplifts of the Himalaya and Tibetan Plateau at approximately 35-45 or 25-35 Ma (Favre et al. 2015 , Zhao et al. 2015 . The early diversifications of cave spiders correspond with the uplifts of the plateau during both of these periods.
Geological evolution of southeastern Asia
Since the early Paleocene, uplifting of the Himalayas the Tibetan Plateau led to terrain being high in the north and low to the south; the environments of the Hengduan and Truong Son mountains reflect the topography of southeastern Asia. These geological events (Fig. 2) also directly affected the landforms and the trends of mountain ranges and water systems in southeastern Asia, which, in turn, led to biotic reorganization in this region. The initial split of Stedocys (Fig. 2D , ∼ 55 Ma) suggests continuous uplifting of the Himalayas and Tibetan Plateau system. This orogenesis is responsible for formation of the Mekong River and the Truong Son Mountain Range, which served to separate the Central Highlands from eastern/western lowlands. Isolation of the central Vietnam lineage (I-3) from the northern Vietnam and southwestern China lineage (I-4) at ∼ 30 (24-36) Ma (Fig. 2D) does not reject the geological hypothesis that the collision of India with Eurasia displaced Indochina southeastward relative to south China along the Ailao Shan-Red River shear zone, which occurred mostly at ∼ 36 Ma or between about 22 and 25 Ma (Tapponnier et al. 1990 , Leloup et al. 2001 . As the shear zone continued along the coast of Vietnam far to the south (Fig. 2C) , its motion may have created modern Hainan Island and caused the opening of the South China Sea. This lateral extrusion of Indochina from the South China Block probably correlates with an early uplifting of the Himalayas and Tibetan Plateau (Shi et al. 1998) , which contributed to the Indian-Eurasian collision (Tapponnier et al. 2001, Yang and Liu 2009) . At approximately 33 (26-40) Ma (Fig. 2D) , the split of the western Yunnan and central Laos clade (I-2) and central Vietnam clade (I-3) occurred. This associates with the formation of the Ma River along the eastern areas of the middle Truong Son Mountain Range.
A continental vs oceanic origin of Hainan Island, and its Indo-Malaysian or east Asian biotic affinity remains debatable. Zhu (2016) showed that the flora if Hainan Island has strong affinities to Vietnam and Guangxi at the family-and genus-levels, but not so much to adjacent Guangdong province of China. This implies a continental origin of the island. Studies of palaeobotany, palaeomagnetism, and volcanism also support this possibility (Mo and Shi 1987 , Zhang 1990 , Rangin et al. 1995 , Liu and Morinaga 1999 , Yan et al. 2006 , Zhao et al. 2009 , Fu et al. 2010 , Ma et al. 2014 , Zhang 2015 . The distribution of group I of Stedocys, with isolation of the Hainan Island clade (I-1) at ∼36 (29-44) Ma ( Fig. 2A, D) , may reflect this event. Further, our 28S and COI haplotype networks do not cluster Hainan Island taxa together; some haplotypes directly connect with those in Vietnam or Guangxi haplotypes (Fig. 1C,  D) . Therefore, we hypothesize that Hainan Island was in contact with northern Vietnam and Guangxi at least during the Eocene. Palaeobotanical studies , Zhao et al. 2009 , Zhang 2015 suggested that Hainan Island could have been in a much more northerly location with a subtropical climate in the Eocene. This discovery supports our hypothesis. Palaeomagnetic studies have demonstrated that Hainan Island was almost connected to northern Vietnam and Guangxi during the Mesozoic, at about the location of the Beibu Gulf (Mo and Shi 1987, Ma et al. 2014) . The Tonkin Gulf experienced widespread extension in a 100-km-wide zone prior to 30 Ma from the Red River fault system (Rangin et al. 1995) . Thus, we hypothesize that Hainan Island drifted to its present location by moving southeastward from a higher latitude, and that the geological evolution of Tonkin (Beibu) Gulf caused the southeastern movement of Hainan Island.
The relative importance of crustal thickening vs lateral extrusion attributable to the Indian-Eurasian collision has been intensely debated (Tapponnier et al. 2001, Yang and Liu 2009 ). Our findings suggest that the geologically hypothesized uplift (thickening) and strike-slip extrusion must have occurred simultaneously to generate the observed biotic distribution pattern at the late Paleocene-Oligocene boundary (∼ 30-55 Ma, Fig. 2B ).
Conclusion
The Indian-Eurasian collision caused a series of Asian orogenic events. Our data and analyses combine large-scale features of Himalayan and southeastern Asian Tertiary history and topography into a framework consistent with the evolutionary history of spiders in the genus Stedocys. Multistage uplifting events in different regions, in turn caused closely linked lateral extrusion events that affected Indochina of the Indochina Block. These events most likely shaped the early biogeographical history of Stedocys. We predict that other taxa that possess similar distribution ranges in the Indochina region will show a similar biogeographical history to that described herein.
